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SUMMARY The past 17 years have been marked by a revolution in our understand-
ing of cellular multisubunit DNA-dependent RNA polymerases (MSDDRPs) at the
structural level. A parallel development over the past 15 years has been the emerg-
ing story of the giant viruses, which encode MSDDRPs. Here we link the two in an
attempt to understand the specialization of multisubunit RNA polymerases in the
domain of life encompassing the large nucleocytoplasmic DNA viruses (NCLDV), a
superclade that includes the giant viruses and the biochemically well-characterized
poxvirus vaccinia virus. The first half of this review surveys the recently determined
structural biology of cellular RNA polymerases for a microbiology readership. The
second half discusses a reannotation of MSDDRP subunits from NCLDV families and
the apparent specialization of these enzymes by virus family and by subunit with re-
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gard to subunit or domain loss, subunit dissociability, endogenous control of poly-
merase arrest, and the elimination/customization of regulatory interactions that
would confer higher-order cellular control. Some themes are apparent in linking sub-
unit function to structure in the viral world: as with cellular RNA polymerases I and
III and unlike cellular RNA polymerase II, the viral enzymes seem to opt for speed
and processivity and seem to have eliminated domains associated with higher-order
regulation. The adoption/loss of viral RNA polymerase proofreading functions may
have played a part in matching intrinsic mutability to genome size.

KEYWORDS giant virus, mimivirus, NCLDV, phycodnavirus, poxvirus, RNA
polymerase, vaccinia virus

INTRODUCTION

The multisubunit DNA-directed/dependent RNA polymerases (MSDDRPs) lie at the
heart of the central dogma, are key enzymes of living systems, and are universally

found in cellular organisms. While eubacteria and archaea possess a single such
enzyme, eukaryotes possess at least three, namely, RNA polymerase I (pol I), pol II, and
pol III, which specialize in the synthesis of rRNA, mRNA, and a collection of smaller RNAs
such as tRNA and 5S rRNA, respectively. MSDDRPs are also encoded by DNA viruses that
have a cytoplasmic transcriptional phase, such as the poxviruses. In this review, we
address the viral MSDDRPs in the context of many recent advances in the structural and
biochemical understanding of their cellular counterparts, along with the growing
numbers of giant viruses encoding RNA polymerase subunits.

CELLULAR MSDDRPs

To paraphrase Dobzhansky, very little in transcription makes mechanistic sense
except in the light of structural biology. Over the past 18 years, and ongoing, impres-
sive efforts in X-ray crystallography, transitioning to cryo-electron microscopy (cryo-
EM), have provided deep insights into the structural biology of the cellular MSDDRPs,
including their architecture, evolution, structure-function relationships, and dynamics.
Growing numbers of such studies have covered the enzymes from bacteria (1, 2),
archaeal species (3–5), and eukaryotes (6–35), in various interaction states.

Functionally, all MSDDRPs share a set of common features, namely, the copying of
a DNA template to newly synthesized RNA, stepwise enzyme translocation on the
template during RNA synthesis, utilization of nucleoside triphosphate (NTP) substrates,
pairing of the incoming nucleotide with the DNA template strand via Watson-Crick base
pairing, and catalysis of nucleotide transfer via a metal-dependent mechanism. Archi-
tecturally, all MSDDRPs comprise two large subunits and a collection of smaller ones, in
which the two large subunits have remained remarkably conserved across all domains
of life, namely, the three cellular domains and the nucleocytoplasmic large DNA viruses
(NCLDV) (36). Structural and biochemical studies have focused largely on two proto-
typical MSDDRPs, the bacterial enzyme and pol II from the budding yeast Saccharo-
myces cerevisiae (37, 38). While bacterial MSDDRP has just 4 distinct subunits, named �

(two copies), �, �=, and �, S. cerevisiae pol II has either 10 or 12. While the 10-subunit
core enzyme comprising subunits Rpb1, -2, -3, -5, -6, and -8 to -12 is competent in
transcription elongation, two additional, dissociable subunits, the Rpb4/7 heterodimer,
are conditionally required for transcription initiation (39). Other eukaryotes always have
the 12-subunit form. Of the two prototypical enzymes, the viral MSDDRPs more closely
resemble the one from S. cerevisiae, so this will be described initially.

Structure-Based Models of Nonbacterial Transcription: Yeast pol II

The earliest X-ray crystallographic structures of yeast pol II (6) showed the core
(10-subunit) enzyme with an architecture comprising the two large subunits, RPB1 and
-2, flanking a cleft that was deep and wide enough to accommodate a double-stranded
DNA helix and which contained the catalytic center on its floor. An opening, or “pore,”
in the floor immediately beneath the catalytic center exposed the DNA-RNA hybrid to
an inverted funnel-shaped cavity on the outside of the enzyme, allowing incoming
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NTPs accesses to the active site (Fig. 1A). One end of the cleft opened at the down-
stream face of the polymerase (the “front” of the enzyme during its translocation along
duplex DNA), while the other end was blocked by a “wall” structure positioned just
beyond the catalytic center but prior to the upstream face of the polymerase (facing
the promoter [Fig. 1A]). One side of the cleft formed a clamp which in the open
state is wide enough for double-stranded DNA to enter but in the closed state is
only wide enough for a single DNA strand (40) (Fig. 1A). Close to the downstream
face of the enzyme, just within the cleft, structural features termed “jaws” were
present, composed of yeast subunits Rpb5 (lower jaw) and Rpb1/9 (upper jaw). At
the upstream face of the enzyme could be found a subassembly of four relatively
small subunits (Rpb3, -10, -11, and -12), with the Rpb3/11 subunits corresponding,
approximately, to subunits �/�= in the bacterial MSDDRP. The above description
accounts for 8 of the 10 core subunits. Additionally, Rpb6 formed a clamp across the
cleft, while Rpb8 was located near to the Rpb3-10-11-12 subassembly (6). In the
12-subunit pol II holoenzyme, the Rpb4/7 heterodimer formed a “stalk” structure
toward the enzyme’s upstream face (9, 19).

FIG 1 (A) Cutaway section schematic of a pol II transcribing complex (polymerase moving left to right).
From the direction of view (“side” of pol II), the cutaway plane exposes nucleic acids and functional
elements of the enzyme. Light gray, cut surfaces of the protein (front). Dark gray, receding surfaces. Right
side, template and nontemplate strands (cyan and green, respectively) of the entering DNA duplex (the
unwound portion of the nontemplate strand is not shown). Red, 3= end of nascent RNA within the
DNA-RNA hybrid minihelix. Magenta, catalytic metal. Of the two jaws, the cutaway reveals only the lower
one. The far wall of the DNA-binding cleft forms the clamp structure (6, 18). For other details, see the text.
(Adapted from reference 18 with permission [copyright 2002 National Academy of Sciences].) (B) Side
view (as in panel A) of the surface-rendered (not cutaway) basal preinitiation complex showing pol II
(gray), TBP (dark pink) and TFIIB (green) (131), TFIIF (purple), and the position of TFIIE (from cross-linking
studies [132]) (blue). The closed-promoter DNA duplex encompassing the transcriptional start site is
modeled, suspended above the pol II cleft via general transcription factors TBP, TFIIB, and TFIIE, in which
TBP and TFIIB hold the upstream promoter DNA (100). (Adapted from reference 100 with permission from
Elsevier.) (C) Backtracking. In the left and center panels, RNA polymerase can move forward (left) or
backtrack with extrusion of the nascent transcript’s 3= end through the NTP entry pore leading to an
arrested state (center). Transcript 3= end cleavage (right) restores an elongation-competent complex.
(Adapted from reference 133 by permission from Macmillan Publishers Ltd.)
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As might be anticipated, pol I and pol III are closely related variants of pol II: five of
the 10 subunits of yeast core pol II are identical across all three forms of eukaryotic
MSDDRP, while another five are highly conserved between the three enzymes.

RNA Polymerase Function in the Context of Structure

Transcriptional elongation can be regarded as a continuous, dynamic “production
line” in which the template enters the polymerase cleft at the downstream face and
becomes unwound, with the template strand passing over the catalytic center where
the 3= end of a complementary nascent RNA transcript comprises the downstream
terminus of a 7- to 8-base-pair DNA-RNA hybrid minihelix (Fig. 1A). This nascent
transcript becomes extended with a complementary incoming ribonucleotide. At the
upstream end of the minihelix, the nascent RNA is peeled away from the DNA template
strand and channeled away from the polymerase (22). The template and nontemplate
DNA strands are then free to reanneal and fully exit the enzyme assembly in an
upstream direction.

A model for preinitiation complex formation has been developed in a minimal
system comprising polymerase, DNA template, and the two general transcription
factors (GTFs) TATA-binding protein (TBP) and TFIIB (13, 27–29). Here, promoter DNA is
initially bound at the upstream face of the polymerase, with TBP binding both the
promoter’s minimal TATA element and factor TFIIB, which is in turn attached to
the polymerase (Fig. 1B). The DNA duplex bends around the polymerase such that the
region downstream of the promoter tracks above the enzyme’s cleft. At this stage,
however, DNA makes no direct contacts with the polymerase (Fig. 1B). As a result of
breathing of the duplex, either via natural supercoiling or as induced by the factor TFIIF,
an open state of the duplex is captured by TFIIB, and the flexible template strand
subsequently descends into the cleft adjacent to the “wall” structure, where, upon
reaching the catalytic center, RNA synthesis can commence in the presence of NTPs. Via
its lowering into the cleft, the partially melted DNA has been reconfigured so that the
downstream duplex can now enter the cleft from the downstream side with the
nascent DNA-RNA hybrid helix climbing the wall behind the catalytic center and out of
the cleft at the upstream side at an angle of approximately 90 to 105o to the incoming
downstream duplex (8, 10) (Fig. 1A). During initiation, as downstream DNA enters the
cleft and RNA synthesis proceeds to a 5-nucleotide (nt)-long transcript, a steric clash of
the 5= end of the nascent RNA with a finger domain of TFIIB that reaches into the cleft
forces a decision between the abortion of transcription with minitranscript release or
the destabilization of bound TFIIB (and of the whole initiation complex) followed by
unhindered transcriptional elongation. At this point, transcripts of 7 nt and longer are
able to interact with an unwinding site on the polymerase for the hybrid minihelix,
leading to single-stranded RNA exit and DNA duplex rewinding at the upstream side
(22). Elongation can now proceed.

The Intricate World of RNA Polymerase Backtracking

During mRNA synthesis, pol II moves forward along the DNA template as a “Brown-
ian ratchet” (24, 41) (Fig. 1C). However, at certain DNA sequences the enzyme may
pause, providing opportunities for “stop-go” transcriptional regulation at the level of
elongation. In one notable example, partially elongated transcripts of the cellular heat
shock gene pause for prolonged periods after synthesis of their 5= ends, poised for
rapid, factor-dependent reactivation later, in response to stress (42). Pausing also has
roles in cotranscriptional RNA folding and processing, transcription termination, and
genome stability. In addition, protein roadblocks such as nucleosomes or DNA-bound
transcription factors can render transcriptional pausing unavoidable. Even on naked
DNA under near-optimal conditions, pol II may persistently pause (43) at sequences
where, for example, the DNA-RNA hybrid is weak (31).

During pausing as described above, or if a mismatched nucleotide has been misincor-
porated at the 3= position of the transcript, the nascent RNA 3= end may become
“frayed,” i.e., disengaged from the DNA template strand at the polymerase catalytic
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center. In this case, the polymerase may move backwards on the template for a short
distance (“backtracking”) (Fig. 1C). Though backtracking by just one or two residues
may be reversible via one-dimensional forward diffusion of the enzyme (44), if back-
tracking continues for 8 or 9 nucleotides or more, the polymerase is likely to become
arrested (incapable of spontaneously resuming forward elongation without the assis-
tance of additional factors (reference 26 and references therein) (Fig. 1C). The arrested
or backtracked enzyme is generally stable but inactive (41). In eukaryotes, it can be
reactivated by transcription factor TFIIS (see below).

Structural correlate of backtracking. As revealed from elegant structural studies,
during pol II backtracking the “frayed” RNA 3= end is extruded from the polymerase
active site and through the NTP entry pore in the floor of the enzyme (Fig. 1A) and then
into the “funnel” immediately below the pore on the outside surface of the polymerase
(31). After backtracking for eight or more nucleotides, the extruded RNA is sufficiently
long to bind a conserved “backtrack site” located along one side of the pore and into
the funnel (31). Trapping of the RNA 3= end at this site strongly inhibits further
movement and is the basis for transcriptional arrest. The backtracked state is not
equivalent to the forward (transcribing) state simply displaced backward along the
nucleic acid scaffold but is instead a distinct and stable off-pathway state that involves
structural changes leading to an inhibition of catalytic competency (41) and active
retrograde movement (45). These changes are beyond the scope of this review. Where
backtracking is less extensive, however, RNA interactions with the backtrack site may be
partial and weak, and pol II may then spontaneously diffuse forward (31).

pol II reactivation by factor TFIIS. Arrested pol II can be reactivated by the cellular
transcription factor TFIIS via a mechanism involving cleavage of backtracked RNA at the
catalytic center (46, 47) (Fig. 1C). TFIIS has three independently folding domains
(references 47 and 48 and references therein). Domain 1 (amino acids [aa] 1 to 130, S.
cerevisiae numbering) is not required for antiarrest functions (reference 48 and refer-
ences therein) (see below). Domain II (aa 130 to 240) is tethered to domain III (aa 260
to 309) via a short linker, with domain II and the linker being responsible for pol II
binding. Domain III is essential for the antiarrest activity of polymerase-bound TFIIS and
for transcript cleavage (49).

TFIIS binds pol II near the rim of the funnel, extending domain III into the NTP entry
pore so that a �-hairpin loop within a “Zn ribbon” region of domain III reaches the
active site (11, 31). Transcript cleavage by TFIIS probably involves three charged
residues within this hairpin (31) which complement the pol II active site and may help
catalyze the necessary proton transfers (31). TFIIS also weakens pol II’s grip on back-
tracked RNA at the backtrack site in the enzyme’s funnel as follows. Via direct compe-
tition at the backtrack site, bound TFIIS displaces the backtracked RNA, which moves
into a region of the pore that remains unblocked after TFIIS domain III insertion (31).
The cleaved 3= portion of the RNA, being already displaced from the polymerase, is
released, leaving the enzyme poised for further NTP addition (41).

Intrinsic reactivation: pol II. The pol II reactivation story does not quite end here: in
addition to exploiting transcript cleavage factor TFIIS, pol II also has a very weak
intrinsic cleavage activity arising from the nonessential (50) intrinsic subunit Rpb9 (44,
51, 52). Rpb9 has two Zn ribbons, one at each protein terminus. However, these are too
distantly located and/or too tightly packed against the core enzyme to readily reach the
NTP entry pore (51). It is unknown whether Rpb9’s weak intrinsic cleavage activity arises
from the vestigial activity of one or both of these suboptimally positioned ribbons
directly (51) or through an ability of Rpb9 to allosterically reconfigure a key catalytic
loop in the polymerase active site for transcript cleavage instead of polymerization (53).
Whichever is the true mechanism, while TFIIS’s in vivo role may be in the reversal of
strong arrest (see above), Rpb9’s role may be in the proofreading of nucleotide
incorporation errors immediately after they occur, increasing pol II’s transcriptional
fidelity (52, 54, 55).

Intrinsic reactivation: pol I and pol III. The jury is out on whether pol I and pol III
also exploit TFIIS (56). Perhaps more importantly, however, pol I has a very effective
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intrinsic activity for the transcript 3= end cleavage and the reactivation of backtracked
complexes (57; see reference 44 and references therein), which is much more potent
than the intrinsic activity of pol II (58). pol I’s intrinsic cleavage activity arises from
subunit A12.2 (Fig. 2), a homolog of Rpb9 (58). Like Rpb9, A12.2 possesses a Zn-binding
�-ribbon at either protein terminus (being a much smaller subunit than Rpb9, A12.2 has
just a flexible linker connecting the two ribbons). The C-terminal ribbon’s hairpin
includes counterparts of TFIIS’s three catalytic residues for transcript cleavage (see
above). In pol I “apo” structures (lacking nucleic acid), A12.2’s N ribbon was positioned
equivalently to that of Rpb9 in pol II (Fig. 2), but the C ribbon was positioned inside the
NTP entry pore almost perfectly equivalent to the position of the TFIIS C ribbon in pol
II structures (14, 15, 59). As in the TFIIS/pol II complex, the “catalytic” hairpin of A12.2
reached the polymerase active center (14), providing compelling structural evidence for
involvement of A12.2’s C ribbon in pol I’s strong, intrinsic transcript 3= cleavage activity
through transient insertion into the NTP entry pore (Fig. 2). In the “transcribing”
structure of pol I (16), i.e., in the presence of template DNA and partially elongated RNA,
the A12.2 N ribbon remained unmoved, but the C ribbon was now displaced from the
pore and invisible in the structure (Fig. 2). This underlined the apparently transitory
nature of pore entry by A12.2’s C ribbon.

Like pol I, pol III has a strong, intrinsic transcript cleavage activity (60). The pol III

FIG 2 Schematic showing occupancy, by TFIIS and Rpb9 subunits and their equivalents, of three sites
(NTP entry pore, jaw, and lobe, after reference 51) in coordination with transcript cleavage activities of
pol I, pol II, pol III, Rpb9-C11 chimeric pol II (51), and vaccinia virus RNA polymerase. Subunit names are
as given in the text. N- and C-terminal Zn ribbons of the subunits are shown as stalks. In the chimera, the
C-terminal ribbon of pol II subunit Rpb9 is replaced with the equivalent ribbon pol III subunit C11 (51).
Dotted arrows and gray circles denote mobility. For details, see the text.
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counterpart to A12.2 is subunit C11 which also has an N ribbon positioned in a similar
way to that of Rpb9 (17) (Fig. 2). The C ribbon of C11 (61), however, in pol III apo
structures (17) was far away from the position of A12.2’s C ribbon in pol I. In the pol III
elongating structure, the C ribbon was not visible at all (17) (Fig. 2). As with pol I, this
suggested that the intrinsic C ribbon is mobile and is only temporarily recruited to the
catalytic center (above, Fig. 2). In an elegant experiment, pol II’s weak intrinsic transcript
cleavage activity was rescued to strong pol III-type activity by substituting Rpb9’s C
ribbon with its counterpart from C11 (51). Structural analysis of the resulting chimera
showed that the transplanted C ribbon was detached from the site occupied by Rpb9’s
native C ribbon on the surface of pol II and was mobile. Mutagenesis of “catalytic” residues
in the transplanted C ribbon was consistent with its hairpin transiently inserting into the pol
II NTP entry pore to complement residues at the active center (Fig. 2).

Thus, while evolution may have rendered the pol II system controllable by the
dissociable factor TFIIS for regulated pausing, the endogenous cleavage activities of pol
I and pol III would tend to favor the rapid, pause-free synthesis of their abundantly
required transcripts (58, 62).

The TFIIS N-Terminal Domain Has Regulatory Roles in Transcriptional Initiation
and Elongational “Stop-Go”

Among pol II transcription factors, some crossover between initiation and elonga-
tion activities is now recognized. For example TFIIF, long considered a transcription
initiation factor, also has a role in transcriptional elongation (45, 63). In contrast, TFIIS,
initially considered a pol II elongation factor, is now recognized to have a role in pol II
initiation as indicated by yeast genetic analysis (64) and the finding of TFIIS in pol II
preinitiation complexes (48). While TFIIS’s domain III is entirely dispensable for initiation
activity (48), TFIIS’s domain I (see above) is centrally associated with initiation and also
with the higher-order regulation of transcript cleavage for rescue from transcriptional
arrest (reference 48 and references therein). Examples of such regulation would include
the rescue activity of the multifunctional transcriptional regulator Ccr4-Not, which
docks to TFIIS domain I (65). Other transcription elongation factors likely have compa-
rable interactions with TFIIS (65–69). Consistent with its role in higher-order regulation,
domain I is the most phylogenetically divergent portion of TFIIS and is also the most
variable region of tissue-specific TFIIS isoforms and paralogs (70, 71).

ARCHAEAL MSDDRPs

Archaeal transcription systems appear to be a hybrid of the eukaryotic and bacterial
systems (72), with the basal transcription apparatus being more eukaryote-like (73, 74)
while the transcriptional regulatory factors are more bacterial (75, 76). Consistent with
this, archaeal RNA polymerase subunit numbers and assignments are quite similar to
those of yeast (77, 78). Three-dimensional similarities were borne out quite dramatically
via X-ray crystallography of the archaeal enzymes from Sulfolobus solfataricus and
Sulfolobus shibatae (two species of a thermoacidophile genus from the kingdom
Crenarchaeota) in the presence and absence of DNA (3, 4, 79) and the enzyme from
Thermococcus kodakarensis (from the kingdom Euryarchaeota [5]). Some differences
between eukaryotic and archaeal enzymes include a missing domain in archaeal rpb5
forming the lower “jaw,” the distant structural relationship between archaeal Rpo8 and
yeast Rpb8 (80), and the unique Rpo13 subunit in archaea (81). Indeed, Rpo8 and -13
are prominent in distinguishing MSDDRPs from different archaeal species and phyla
(79). Recent studies have shown how virology and RNA polymerase structural biology
in the archaea have the capacity to cross-inform (82).

MSDDRPs ACROSS ALL DOMAINS OF LIFE: THE NCLDV

The elaboration of a broad clade of large DNA viruses termed the NCLDV is a recent
development (83) arising from the paradigm-shifting discovery, in 2003 and since, of
giant viruses (84) (also termed “megavirales” [85]; for reviews, see references 86 and 87).
In addition to the giant viruses, the NCLDV “superclade” includes several of the
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established large-DNA virus families that feature a cytoplasmic stage, namely, the
Poxviridae, Iridoviridae, Asfarviridae, Ascoviridae, and Phycodnaviridae (83) (Table 1).
Among all of these viruses, the best studied is arguably vaccinia virus, a prototypical
member of the Poxviridae. Having a cytoplasmic site of replication, the poxviruses
encode their own transcription and RNA modification apparatus (88, 89), including a
biochemically purified and characterized 8-subunit MSDDRP (90, 134). A 9th subunit,
named RAP94, confers on the polymerase specificity for vaccinia virus early gene
promoters via the heterodimeric vaccinia virus early gene transcription factor (91–93).
At the protein sequence level, the two largest subunits of the vaccinia virus MSDDRP
are unequivocally orthologous to the two large subunits of cellular enzymes (94–96),
although the vaccinia virus largest subunit lacks a counterpart to the repeating
C-terminal domain (CTD) found in eukaryotes. The smallest subunit of the vaccinia virus
polymerase, RP07, shares sequence homology with the Rpb10 subunit of yeast pol II
(97) (Table 2), and the vaccinia virus RP30 subunit has sequence homology to eukary-
otic transcription elongation factor S-II (98), referred to here as TFIIS (see above).

No three-dimensional structures are available for vaccinia virus or other NCLDV

TABLE 1 Current families within the NCLDV superclade (proposed order Megavirales [85])a

Family Yr discovered Host(s) Replication site Assembly site Genome (kb)

Poxviridae 1798? Vertebrates, insects Cytoplasm Cytoplasm Linear (130–380)c

Asfarviridae 1921 Pigs, warthogs, insects Cytoplasm Cytoplasm Linear (170–190)c

Iridoviridae 1966 Fish, frogs, snakes, insects Nucleus Cytoplasm Linear (102–212)d

Ascoviridae 1983 Insects, moths Nucleus Cytoplasm Circular (157–186)
Phycodnaviridae 1981 Algae Nucleus Cytoplasm Linear (100–560)
Mimiviridae 2003 Amoebae, zooplankton Cytoplasm Cytoplasm Linear (�1,200)
Marseilleviridae 2009 Amoebae Cytoplasm Cytoplasm Circular (368)
Megaviridae 2010 Amoebae Cytoplasm Cytoplasm Linear (1,208–1,259)
Pandoraviridae 2013 Amoebae Cytoplasm Cytoplasm Linear (1,900–2,500)
Pithoviridae 2014 Amoebae Cytoplasm Cytoplasm Linear (610)d

Faustovirus 2015 Vermamoeba vermiformisb Cytoplasm Cytoplasm Circular (455–470)e

aThose families considered to be giant viruses, discovered starting in 2003, are shown in bold. Classification and tree topology are still developing, with, for example,
the recently discovered Dinodinavirus, Faustovirus, Cedratvirus, Kaumoembavirus, and Mollivirus also being considered members of the NCLDV superclade.

bA protist.
cHas covalently cross-linked ends and inverted terminal repeats.
dCircularly permuted and terminally redundant. The upper size limit is 303 kb if redundancy is included.
eEight out of nine Faustovirus genomes were circular (129, 130).

TABLE 2 RNA polymerase subunit orthologs across all four domains of life, with emphasis on the NCLDVa

a Y, ortholog found in a virus (among the NCLDV, only for vaccinia virus are orthologs named). Pink background, same polypeptide found in all three eukaryotic
polymerases. Blue background, dissociable or not associated with the core polymerase. Khaki background, fused subunits. Yellow background, all other subunits. The
Iridoviridae are shown by individual genera instead of family because of their divergence at the level of genus. Archaeal nomenclature is from reference 4. TFIIS is
shown in gray font for eukaryotic pol I and pol III because it is unclear what role(s) this protein may play for these enzymes (56). All rows of the table are supported
by complete proteomes. Table rows are in descending order of number of identified subunits. *, composite pattern over all phycodnaviruses; for individual viruses,
see Table 3.
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MSDDRPs or their subunits. However, the solved structures of yeast RNA polymerase II
subunits Rpb5, -6, and -7 allowed them to be matched to the predicted secondary
structures of vaccinia virus subunits RP22, RP19, and RP18, respectively (99) (Table 2).
This left, as orphans, only the RP35 and RAP94 subunits from the vaccinia virus enzyme
(99), and they remain so, without detectable orthologs outside the Poxviridae.

MSDDRP Subunit Assignments for the NCLDV

With the growing numbers of giant viruses being characterized, it seems apposite to
revisit questions of RNA polymerase subunit assignments among the NCLDV. In our
own assessment (Y. Mirzakhanyan and P. D. Gershon, unpublished data) (Tables 2 and
3), some NCLDV subunits seem to have been misannotated, while others may have
been unrecognized in viral genomes. At the current state of reannotation (Mirzakhan-
yan and Gershon, unpublished data) (Tables 2 and 3), the enzymes from all NCLDV
appear simpler than those of the eukaryotic cell, though some by not very much:
among the 12 subunits of the yeast pol II/archaeal holoenzyme found in all eukaryotes
and archaea, only Rpb4, -8, and -12 were universally missing among the viruses. In
contrast, apart from the two large subunits (Rpb1 and -2), no subunit was universally
conserved (though Rpb5 and TFIIS were almost so). Of the remaining subunits (Rpb3,
-6, -7, -9, -10, and -11), although the Megaviridae, Mimiviridae, and some Phycodnaviri-
dae encode representatives of each (Tables 2 and 3), they seem to be only sporadically
present among other virus families. Extreme divergence cannot be ruled out as an
explanation for the nondetection of viral homologs to these or of poxviral RP35 and
RAP94 (see above). Biochemical isolation would be required to test the complete
subunit composition of nonpoxviral MSDDRPs.

The major compositional difference between the three major cellular RNA polymerases
comprises the possession, by pol I and pol III, of additional subunits as fixed subcomplexes
that are distant relatives of the pol II-dissociable GTFs TFIIF and TFIIE (100) (Table 2).
Counterparts to these subcomplexes were universally absent from the NCLDV, rendering
the viral polymerases more akin to pol II than to pol I or pol III in overall architecture. The
roles of eukaryotic TFIIE and -F in transcription initiation include clamp opening (40),
capture and stabilization of the open promoter complex, and “clearing” of protein obstruc-
tions in the cleft for loading of the template strand (101). This kind of functionality may not
be critical for viral templates to achieve promoter opening and template strand loading,
due to the A-T richness of viral transcriptional start sites, their genomes being noncircular
in most cases (Table 1), and their encoding of topoisomerases.

Diversity of the Phycodnaviridae

Just one family within the NCLDV superclade, namely, the Phycodnaviridae, seemed
to represent the full gamut of MSDDRP subunit diversity across all viruses, archaea, and

TABLE 3 Breakout of phycodnavirus RNA polymerase and transcription apparatusa

aNumbers 1 to 12 refer to Rpb subunits. Background blue, gray, yellow, and orange refer to RNA polymerase (including TFIIS), RNA polymerase Rpb3/11 fusions,
cellular transcription factor homologs, and vaccinia virus late transcription factor homologs, respectively. While one subgroup (represented by the prymnesioviruses,
Chrysochromulina ericina virus [CeV01], and Aureococcus anophagefferens virus) seems to encode the most complete RNA polymerases of any NCLDV, another
subgroup (Phaeovirus, Raphidovirus, Chlorovirus, Yellowstone lake phycodnavirus, and Ostreococcus tauri virus) seems to encode no RNA polymerase at all. All rows of
the table are represented by complete proteomes.
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eukaryotes: while one subgroup of phycodnaviruses encodes the most complete RNA
polymerase noted in any NCLDV (Table 3), another subgroup within the same family
seems to be unique among all NCLDV in encoding no RNA polymerase subunits at all
(Table 3). The latter group presumably hijacks the host cell enzyme which, specula-
tively, transcribes the viral genome in combination with viral transcription factors. The
above situation (factors encoded but no RNA polymerase) contrasts with the case for
the Poxviridae, in which a functional MSDDRP is encoded, but there is a tantalizing
partial reliance on cellular factors for intermediate- and late-stage transcription (88).

NCLDV with a Nuclear Phase: the Iridoviridae and Ascoviridae

The Iridoviridae, which are diverse in terms of host range and gene content (102)
were, in our annotation (Table 2), also diverse in MSDDRP subunit composition. Across
Iridoviridae genera, numbers of recognizable subunits reflected, approximately, the
complexity of the virus genome (Table 4). The best-characterized iridovirus at the
molecular level is perhaps frog virus 3 (FV-3), a ranavirus whose genome contains a
total of just 98 open reading frames (ORFs) (103). FV-3 early transcription is considered
to be nuclear and mediated by host RNA polymerase II (104) with the aid of diffusible
protein factors from the input virion (reference 105 and references therein). Late viral
mRNAs are synthesized in the cytoplasm (106, 107). Although newly synthesized
virus-encoded RNA polymerase is implicated in late transcription (108), only the two
large RNA polymerase subunits were recognizable in Ranavirus genomes along with
TFIIS (103) (Table 2). Assuming that all FV-3-encoded subunits have been accounted for,
then either a eukaryote-like MSDDRP composed of just two or three subunits is
sufficient for transcription, which would be unprecedented, or a host-virus chimera is
used (which would also be novel). The Ascoviridae encode just four recognizable
subunits (Table 2). Although the Ascoviridae and Iridoviridae are considered to be
related, very little is known about ascoviral transcription (109). The Ascoviridae and
Iridoviridae TFIIS homologs are notable in being unusually small (Fig. 3).

Viral “Basal” Transcription Apparatus

In addition to RNA polymerase subunits, key, “basal” transcription factors for the
NCLDV were also reannotated (Mirzakhanyan and Gershon, unpublished data) (Table 5).
These efforts furthered the publicly available annotations substantially, though the task
is not guaranteed to be complete. Factors annotated in Table 5 include orthologs of the
vaccinia virus early transcription factor heterodimer (VETF-L and VETF-S), three of the
four vaccinia virus late transcription factors (VLTF-1, VLTF-2, and VLTF-3), the obligate
intermediate gene transcription factor heterodimer (VITF3-A8R and VITF3-A23R), and
homologs of cellular factors TFIIB and TBP. Late factors VLTF-3 and VLTF-2 were found
universally or almost universally, respectively, among the NCLDV (Mirzakhanyan and
Gershon, unpublished data). The small subunit of VETF (VETF-S) was annotated con-
servatively in the NCLDV due to the presence of a functionally distinct paralog in the
Poxviridae, namely, NPH I (helicase motifs are present in both). The VETF large subunit
(VETF-L) was found in all NCLDV except the phycodnaviruses. Viruses lacking VETF-L

TABLE 4 Iridoviridae by genus

Genus Type speciesa

No. of ORFs in type
speciesb

Total
MSDDRP
subunit

Iridovirus IIV-6 468 6
Lyphocystivirus Lymphocystis disease virus, isolate China 239 4
Chloriridovirus IIV-3 126 4
Megalocytivirus ISKNV 125 4
Ranavirus FV-3 98 3
aIIV, invertebrate iridescent virus; ISKNV, infectious spleen and kidney necrosis virus; FV, frog virus.
bThe type species is assumed to be representative. The MSDDRP subunits include TFIIS.
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tended to possess, instead, a TBP homolog (Table 5) suggesting complementarity
between these two proteins, presumably in early promoter binding. Indeed, the core
poxvirus early promoter region recognized by VETF-L (110) may be considered posi-
tionally comparable to the TATA box of core cellular promoters. The TFIIB homolog

FIG 3 Conserved domain search results for TFIIS across the NCLDV. Orange, turquoise, and red bars represent motif superfamilies for the
N-terminal, central, and C-terminal domains (domains I, II, and III), respectively, of TFIIS. Blue bar, poxvirus RP30 superfamily. The region
of highest conservation between TFIIS and RP30 is the Zn ribbon-containing domain III (98), which is involved in transcript cleavage. This
region is universally found among NCLDV TFIIS/RP30 homologs. Proteins are shown aligned according to the C terminus of this domain.
“Yeast” refers to S. cerevisiae.
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found in some NCLDV (Table 5) may represent a substitute for late factor VLTF-3 or
intermediate factor VITF-3, or it may function in an additional (unknown) stage of viral
transcription. A substantial overlap was apparent between the presence of TBP and
TFIIB in the Phycodnaviridae (Table 5), consistent with them acting together in this
family, in a “basal”-type transcription system. Somewhat counterintuitively, the Irido-
viridae and Ascoviridae, whose early gene expression is considered to be dependent on
the host transcription system (see above), encoded homologs of VETF-L, an early factor.
Finally, despite the size and apparent sophistication of the pandoraviruses (with the
largest genome yet found for any virus, nearly twice the size of its nearest rival [Table
1]), only a single homolog of a known viral or basal cellular transcription factor was
detected among its genes. The transcription system of this virus may be highly
divergent, or there may be a cryptic involvement of cellular proteins.

TFIIS

A TFIIS homolog was found to be nearly universally encoded across the NCLDV
(Table 2), suggesting a fundamental role in transcription that transcends the deeply
divergent evolutionary pathways of the different NCLDV families. Notably, a customized
TFIIS is encoded even by those phycodnaviruses lacking an endogenous RNA polymer-
ase (Table 3), suggesting that viral TFIIS is an equal-opportunity employer of viral or
host cell polymerases and can displace the endogenous, host cell TFIIS from cellular
pol II. The only two families/subfamilies lacking a TFIIS homolog were the ascoviruses
and entomopoxviruses (Table 2). Tantalizingly, ascoviruses and entomopoxviruses are
distinct among the NCLDV in infecting, primarily, lepidoptera (butterflies and moths),
more specifically the family Noctuidae.

With regard to TFIIS function, the poxvirus homolog, RP30, is reported to have dual
roles in transcription: as an intrinsic RNA polymerase subunit within the virion, where
free RP30 does not exist (98), and as a free protein in the infected-cell cytoplasm, where
it acts as an initiation factor for one of the three transcriptional classes in vaccinia virus,

TABLE 5 Transcription factors across the NCLDVa

aBackground green, blue, orange, and yellow refer to factors corresponding to poxvirus early, intermediate, and late transcriptional stages and unknown
transcriptional stage, respectively. VETF-S was annotated conservatively for the NCLDV due to the presence of a functionally distinct paralog NPH-I in the Poxviridae.
Font colors blue and red indicate Phycodnaviridae and Iridoviridae, respectively. Horizontal divisions denote patterns of presence/absence. For other details, see the
text.
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namely, the intermediate class (111). The intrinsic subunit has a presumed role in
antiarrest (98), consistent with the nascent transcript cleavage activity demonstrated
for purified ternary complexes of vaccinia virus early transcription complexes (135). The
second function of RP30, as an initiation factor in vaccinia virus, has parallels with the
finding of TFIIS in cellular pol II initiation complexes (see above). However, the absence
of key intermediate transcription factors in NCLDV other than the Poxviridae (Table 5)
suggests that this function is poxvirus specific. Interestingly, RP30’s C-ribbon is flanked
by a 62-aa C-terminal tail which, among the NCLDV, is also unique to the Poxviridae (Fig.
3). In the virion-packaged form of RP30, this Pro/Ser-rich tail was recently shown to be
highly phosphorylated (112). It remains to be proven whether phosphorylation mod-
ulates a switch between RP30’s two functions specifically in the Poxviridae.

Viral Subunit Function in the Context of Structure

With the wealth of structural information for cellular MSDDRPs alongside the revised
NCLDV subunit annotations (see above), questions of structural and functional special-
ization in the viral enzymes can be addressed in relation to viral replication strategies.
Some general themes are discussed below using, as a model, the best studied viral
enzyme, namely, the one from vaccinia virus.

Dissociable Subunits in pol II Are Integral (Nondissociable) in the Vaccinia Virus
Enzyme

For some subunits that are firmly attached to the vaccinia virus RNA polymerase, the
cellular pol II equivalents are readily dissociable. Examples include the dissociable
Rpb4/7 (“stalk”) complex of yeast pol II (see above), whose vaccinia virus equivalent,
RP18, is nondissociable. Similarly, while transcription elongation factor TFIIS only transiently
associates with pol II during transcription (see above), the vaccinia virus equivalent, RP30,
is an integral subunit of the vaccinia virus enzyme, remaining stubbornly polymerase
associated during gradient sedimentation and attempted column-based antibody affinity
separation (98). The nondissociability of these subunits has parallels in the cellular
realm: the pol I and pol III counterparts to pol II’s stalk, namely, A14/A43 and C17/C25,
respectively (Table 2) are, like the corresponding RP18 subunit of vaccinia virus,
nondissociable (113). Moreover, the pol I and pol III functional equivalents of TFIIS/RP30
(subunits A12.2 and C11, respectively [see above]) are also nondissociable (14, 15, 17).
Whether the giant virus homologs of TFIIS are integral to their core polymerases or
dissociable is unknown.

Why might vaccinia virus RP30 be nondissociable? Just as pol I and pol III have
refined their intrinsic antiarrest activity for the synthesis of relatively few, general-
purpose RNAs in large quantities without “traffic jams” of paused or arrested polymer-
ase (see above), so vaccinia virus may have opted for rapid waves of processive viral
transcription, maximizing the accumulation of virus proteins and nascent virions before
the host either dies or restricts the virus. Moreover, intrinsic antiarrest activity may have
favored greater genomic sequence flexibility during the evolution and diversification of
large viral genomes, especially if all transcriptional pausing or arrest sites could not be
fully eliminated. Other possible explanations for a tight association of RP30 with
vaccinia virus RNA polymerase, as suggested upon RP30’s discovery and characteriza-
tion (98), were to ensure RP30 packaging during virion assembly and its introduction
into infected cells in stoichiometric amounts with the viral RNA polymerase.

Why is the vaccinia virus stalk subunit (RP18) nondissociable? During pol II initiation,
the stalk has a role in transient opening of the clamp structure for entry of the template
stand into the pol II cleft via either its own transient dissociation or its recruitment of
initiation factor TFIIE that can actively open the clamp (114). Closure of the clamp
around the template is associated with the presence of the stalk (19), specifically, the
Rpb7 subunit (19). Within transcription elongation complexes, the clamp is always
observed closed, even in the absence of Rpb4/7 (8). In pol I, pol III, and archaeal RNA
polymerase (81), the stalk subunits (Table 2) are nondissociable, consistent with which,
the pol I clamp appears to be permanently closed (15), or at least pol I has not yet been
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cocrystallized in the presence of putative factors that lead to transient clamp opening.
In pol III (the apo enzyme), open and closed conformations of the clamp correspond to
two distinct conformations of the nondissociable stalk (17). It seems that, as in pol I and
pol III, vaccinia virus may have opted for a permanently closed clamp during elongation
and the possibly greater processivity this may confer. Whatever mechanism of initiation
is employed by pol I and pol III would presumably be reflected in the vaccinia virus
enzyme.

pol II Proteins and Assemblies Are Reduced to Vestigial Stubs in Vaccinia Virus

While the RNA polymerase cleft and catalytic center are highly conserved in all
domains of life, evolutionary plasticity seems to follow the smaller subunits. In the case
of the NCLDV, this has included the formation of architectural “stubs,” as described
below.

Stub 1: vaccinia virus subunit RP30. Like vaccinia virus RP30, NCLDV TFIIS orthologs
seem to mostly lack an N-terminal region sufficiently long to reflect the yeast
N-terminal domain that mediates higher-order regulation of pausing (Fig. 3). The
absence of this domain would suggest an unresponsiveness to higher-level transcrip-
tional regulation (see above). This is consistent with the comparatively simple genomes
and expression patterns typically found in viruses and with a presumptive need to get
proteins made and virions assembled as rapidly as possible while escaping from cellular
regulation. A possible exception, however, would be the large and sophisticated
pandoraviruses, whose N-terminal domains approach the length of cellular TFIIS (Fig. 3).
Consistent with this, the pandoraviruses currently having the largest genomes of any
virus found, by a factor of 2 (115). Perhaps, as a viral genome approaches the
complexity of the simplest cellular genome, there may be pressure to retain or invoke
a more sophisticated regulatory mechanism for transcription elongation.

Stub 2: the “stalk.” As discussed above, eukaryotic and archaeal MSDDRPs possess
a “stalk” structure located toward the upstream face and which, in pol II, comprises the
dissociable Rpb4/7 heterodimer (see above). Within this heterodimer, Rpb7 alone
contacts the core polymerase (9) and is an essential subunit in yeast (9). Yeast Rpb4,
which has regulatory roles in, for example, the stress response (117–119), is nonessen-
tial for viability (116). In pol I, “stalk” subunits (Table 2) provide a platform for the
binding of initiation factors (58, 120–122). In all NCLDV, however, the polymerase stalk
appears to be a “stub,” with a homolog of Rpb4 entirely missing from all viral MSDDRPs
characterized thus far (Table 2).

Stub 3: the Rpb3-10-11-12 subassembly/subcomplex and the upstream face.
Biogenesis of the pol II core likely arises through three independent assembly sub-
pathways, based around the two large subunits Rpb1 and Rpb2 and subunit Rpb3
(113). The Rpb3 subassembly comprises subunits Rpb3, -10, -11, and -12 (6). pol I, pol
III, and archaeal RNA polymerase have equivalent subunits (Table 2). During biogenesis,
the Rpb3-10-11-12 subcomplex is considered to nucleate the assembly of the holoen-
zyme, as the alpha subunit homodimer does in bacterial RNA polymerase (113). In
mature pol II this subassembly is located on the upstream face (facing the promoter).
Rpb12 is an essential subunit of pol I, pol II, and pol II in yeast and may have a role in
maintaining the open promoter during initiation.

While all viruses lack a homolog to the essential eukaryotic rpb12, some (the
Mimiviridae, the Megaviridae, Faustovirus, African swine fever virus, and some Phycod-
naviridae) encode a fusion of subunits Rpb3 and Rpb11 (Table 2), and many encode,
in addition, an Rpb10 homolog. The vaccinia virus enzyme, however, which is a
good biochemical benchmark for the viral enzymes due to its extensive purification
and characterization, is remarkable for the highly vestigial character of this subas-
sembly: the only identifiable member is RP07, a homolog of the very small eukary-
otic subunit Rpb10 (Table 2). This represents just 11% of the mass of the subas-
sembly in pol II and is unprecedented among all cellular MSDDRPs (bacterial,
eukaryotic, or archaeal).

Why is the Rpb3 subassembly minimal in many of the NCLDV? As with other “stubs”
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(see above), Rpb3 participates in regulatory interactions (reference 123 and references
therein). Loss of subunits from the Rpb3 subassembly may therefore be associated with
the elimination of higher-order regulatory interactions. Nonetheless, assuming that
Rpb3 is central to polymerase assembly in all domains of life and with Rpb12 being an
essential subunit apparently for promoter opening (124), it is unclear how these critical
functions may be recapitulated in many or all of the NCLDV. It has been speculated that
an “orphan” subunit in vaccinia virus of similar size, namely, RP35, may compensate for
the absence of Rpb3 in the Poxviridae, although RP35 is clearly structurally unrelated
(99). However, RP35 is not found outside the Poxviridae, with many NCLDV lacking both
RP35 and Rpb3 (Table 2).

Stub 4: Rpb5, a “lower-jaw” subunit. The Rpb5 subunit of yeast is a 215-aa two-
domain protein (125). However, the corresponding archaeal subunit is only 84 aa in
length due to an entirely missing N-terminal domain. Rpb5 is located at the lower “jaw”
of pol II (see above). The presence/absence of the N domain is, in fact, not critical for
polymerase function insofar as the archaeal and yeast subunits can cross-complement
(125). However, in common with the above-described theme, Rpb5 seems to mediate
regulatory interactions (126–128). In the Coccolithovirus genus of Phycodnaviridae as
well as in two ascoviruses, the Rpb5 homolog is equivalent in size to the archaeal
subunit. Although this may provide a means to escape regulatory interactions, the
homologs in other NCLDV, including vaccinia virus, are close in size to the yeast protein.
Whether the N domains of these homologs are sufficiently divergent to have adopted
novel functions is unclear.

Subunit Rpb9: Modulation of Intrinsic Mutability?

The majority of the NCLDV examined, including vaccinia virus, lack an ortholog of
pol II subunit Rpb9 (Table 2). In pol II, this subunit is implicated in transcriptional fidelity
(via proofreading [see above]). In contrast to the delicately regulated and maintained
eukaryotic cell, fidelity in virus transcripts may be unimportant, even to the extent that
defective whole particles are typically well tolerated in virus biology. Thus, there may
be few negative consequences of an occasional transcriptional error. Viruses, which are
intrinsically mutagenic, do not have long-term health considerations at the level of the
individual organism; only the population matters. Moreover, for mRNA in any living
system, translational errors tend to swamp transcriptional ones by a substantial margin,
providing an incentive for pol I and pol III to be error proof in the production of their
highly recyclable and potentially mutagenic transcripts but not necessarily for pol II to
be so in the production of mRNA (62). The loss of Rpb9 in the majority of NCLDV but
its retention in others may have been a selectable property in maintaining a balance
between fatal error and evolutionary velocity for genomes of various sizes experiencing
various evolutionary pressures.

CONCLUSION

To summarize, while they retain sophistication, NCLDV RNA polymerases are to an
extent stripped and honed with respect to their cellular counterparts during their
adaptation and specialization for the purposes of speed, processivity, and escape from
higher-order cellular control. From what we know so far of their structure-function
relationships, these architectural changes seem rational, and they suggest that the
many regions of viral polymerases that have universally survived the brutal journey of
virus evolution are central to polymerase function, even if that function is not yet
known for the cellular and viral enzymes. There is a lot we do not know about the
functions of some of the smaller subunits and domains in polymerases in general, but
there is every reason to believe that as structural biochemistry teaches us more, the
bigger picture of subunit and domain changes and refinements found in each virus
family and genus will begin to make sense also.
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Note Added after Publication

This article was originally published on 12 July 2017. On 14 August 2017, the follow-
ing changes were made.

In the originally published version, references 134 and 135 were omitted. These ref-
erences were added to the References list and are now cited on page 8, line 6 (reference
134), and page 13, line 3 (reference 135).

In the originally published version, it was incorrectly stated that transcript cleavage
activity has not, thus far, been demonstrated for the vaccinia virus polymerase. The
sentence beginning on the first line of page 13, formerly reading “Although transcript
cleavage activity has not, thus far, been demonstrated for the vaccinia virus polymerase
the intrinsic subunit has a presumed role in antiarrest (98),” was changed to “The
intrinsic subunit has a presumed role in antiarrest (98), consistent with the nascent
transcript cleavage activity demonstrated for purified ternary complexes of vaccinia
virus early transcription complexes (135).”
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